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ABSTRACT

Crack growth rates, in various environment during high stress-low cicle
"fatigue testing, load testing and continuous loading were measured in three

. production gun steels. Mi eg 25O an."epublic. 9s"-32. These results were
combined with measured mechanical properties and fracture toughness param-
eters for comparison with service behavior.
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I. INTRODUCTION

A. Background
I

The failure of large gun tubes in service are believed to involve the

following stages of cracking: a) formation of a "crazing" pattern on tie bore sur-

face after a relatively few rounds of firing, b) preferential slow crack growtl. in a

radial direction on continued firing and c) unstable crack growth resulting in com-

plete fracture through the gun tube wall during the final rouid of firing. The initial

stage of crack formation is apparently due tc the combinec effects ol varying in-

ternal pressure, hot gases and therirxl cycling of the bore surface auring each

round of firing. With current gun tbex, it does not seem possible to prevent this

stage of cra2. formation. The second stage, which involves slow crack growth,

S has not been sufficiently investigated, but may bc due to corrosion fatigue effects

associated with the alternation of internal pressure and the formation of hot gases

during firing. This intermediate stage usually involves preferential growth of

cracks that initiate along land fillets where the mnaximum service stress is devel-
r'

oped. These cracks progress in a radial direction iron-, the bore to the outside

sirface until a critical crack length is reached that depends on the peak internal

pressure, fracture toughnetss and design of the gun tube. The final stage involves

unstable crack growth, which results in either longitudinal rupture of the gun tube

wall or "blowing up" of the gun tube into many fragments.

Since a gun tube is usually serviceable until the final stage of cracking

occurs, the service life mray be considered to aepen-d on th.! number ol firings re-

quired for a radial crack to reach a critical size. For a given gun tube design and

peak internal pressure developed during firing, tht. service life should therefore



depend on both the rate of slow crack g~rowth and the magrutudt- of '#ie 4r.itical crack

size. For gun tubes of the same fracture toughness level ane consequently the same

critical crack size, the tube with the lowest rate of clow cr;,ck growth would be ex-

pected to give the lorngest service life. This follows since 1nore firing rounds would

be required 'o reach the critical crack ;ize than for a tube wit !% fasts 'r -to n

growth. Howcver, foe gun tubes of varying fracture toughness levels, either the

rate oi slow crack growth or the critical crack size may determine which tube gives

the longest service life.

B. Program Scope

Although the phenomenon of slow crack growth in gun tubes is not under-

stood, it is probably related to both the fracture toughness and fatigue charaLteris-

tics under corrosive conditions. The present program constituted an investigation

of slow crack growth ii c~urrentl jused as well as potential gun steel ccmpoeitions.

The main objective of this program was to determine the slow cracl. growth charac-

teristics of selected gun steels at stress levels below that corresponding to pop-in

under plane strain conditions. nDeterrinaticns were made of slow crack growth in

precracked bend specimens inder continuous, constant and cyclic loading, using

both optical and electrical potential measurements to follow crack extension. Ir,

order to show possible stress corrosion and corrosion fatigue effects, the tests

were conduc' .d using dry argon and distille(d water as enwr:)nmentAl extreres.j

C. Materials

The materials selected for this program consist of a 3`7 nickel steel

finished 175mm gun tube (no. 1131) that was subjected to service firings at an

*Sirnilar in composition to 4337 mod. except for lower carbon content (0. 32% vs.
0,37%), highernickel content (3% vi. 1.8%) and higher chromiumconton (1.27%
vs. 0.85%).

2m~u



estimated peak iiternal pressure of 50 ksi followed by pressure cycling at

Watervl:ýet Arserna from zerc to 50 ksi until failure occurred, a 4337 mod. steel

finished 175mm tube (no. 733) that was subjected to Approximately the same num-

ber of firings and the same peak internal pressure as no. 1131, but failed in

service, a 3% nickel steel* unfinished 175mm gun tube (no. 1007) in the heat

treated conditon: a M e.rr 250 steel billet i- tht soft condition, a Republic 9-4-20

(Cr, Mo) steel plate i" the hot rolled condition and a Republic 9-4-30 steel plate

in the hot rolled condition. General information on these materials is given in

Table I. The three gun tubes were tested in the as-received condition (already

heat treated), whereas the Marage 250, the Republic 9-4-20 (Cr, MIo) and the

Republic 9-4-30 ateels were heat treated at MpnLabs prior to mechanical testing.

'Similar in compoaition to 4337 nod. except for lower carbon content (0. 32% vs.
0.37%), higher nickel content (3% vs. !.8%) and higher chromium content (1.27%
vs. 0. 85%).

3
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U. CHARACTERIZATION OF MATERIALS

A. Chemical Composition

According to the suppliers' specifications, the composition limits of

the conventional gun tubes investigated are as follows:

Steel C Mn P S Si Ni Cr Mo V
max max

3% .28/38 .30/.70 .015 .01S .15/.50 2.50/3.75 .50/1.20 .40/1.00 .06/.15
-nickel

max max

4337- .45 .40/.90 .025 .025 .10/.30 1.00/2.50 .50/2.00 .35/.85 .25
mod.

As shown in Table 2, both the sup,.ierso and check chemical analyses carried out

by ManLabs on tubes no. 1131, 733 and 1007 indicate that their chemical compo.,-

tions fall within the specification limits. The check analyses made on these tubes

essentially confirm those reported by the respective suppliers. It is of interest to

note the large difference in nickel content between tubes no. 1131 and 1007 and tube

no, 733. With respect to the no. 09132 Marage 250 billet, relatively large differences

were found in nickel content (17.87% vs. 18.45%) and in cobalt content (8.51% vs.

7.70%) by the two analyses. This indicates possible segregation effects although

L different and possibly inaccurate techniques of chemical analysis may have been used.

Although the Republic 9-4-20 (Cr, Mo) has a carbon content correspond-

ing to HP-9-4-25, the amount of alloying elements in the two steels are quite different.

B. Nonmetallic Inclusion Content

Nonmetallic inclusion ratings of the program steels based on ASTM

E45-63, Method A are given in Table 3. The maximum severity (worst field) and

average severity, which are listed for each type of inclusicn, are based on examina-

tion of 64 fields at 100X in a longitudinal specimen, located adjacent to the bore surface for

the gim tubes.
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All of the program steels appear to be relatively inclusion free with

the exception of the 250 grade Maraging steel.

- C. Mac roexamination

7- Transverse slices of tubes no. 1131, 733 and 1007 were riacroetched

in 5016 HC1 - 50%/0 H2 0 for 20 minutes at 165 0 F. Other than the service cracks in

tubes no. 1131 and 733, no evidence was found of defects such as seams, cracks or

flakes. However, some evidence of dendritic structure remaining from the original

ingot was found in all three tubes indicating a relative:y low level of hot workirng.

.- Macroexamination of the Marage 250, the Republic 9-4-30 and tte

Republic 9-4-20 (Cr, Mo) revealed no defects.

D. Heat Treatment of Program Steels

Table 4 lists the heat treatments given the program steels and the re-

sulting 0. 176 yield strengths. The heat treatments given tubes no. 1131, 733 and

1007 were production heat treatments, while those given the Marage 250, Republic

9-4-30 and Republic 9-4-20 (Cr, Mo) were performed at ManLab•.

SThe 0. 1% yield strength of 164 ksi for Republic 9-4-20 (Cr, Mo) is the

highest yield strength obtainable in this steel utilizing a conventional quench and
U--

t,3mper heat treatment. Since this yield strength does not reach the desired yield

strength level of 175 to 185 ksi, testing of this steel was discontinued following pre-

'cracked impact testing (Section IIB).

"It should be noted that a 10 hour age instead of a 3 hour age was neces-

sary to obtain the desired yield strength level of 240-250 ksi for the Marage 250.

The tempering temperature of 11000 F for HP-9-4-30 was determined

by the method described in Section I E.

8



-TABLE 4

lt.;.AT TR ELA I'MENT PROCEDURES FOR PROGRAM STEELS

St.ci No. lk-at Trteitnknt Ci.d S, Ofis~ t

I 31 t) ~austcnitize 1550'F, 5 .our•, w. o. 181
b) tninptr 1025 F, 8 h ours, w. q.

733 .L) ,ustcnitizc 1640 F, quench 186
b) straighten 9600F
c) temper 960 0 F

1007 a) austel-itize 1550°F, quench 175
b) straighten 10400F"- c) temper 1040SF

"Marage 250 a) solution anneil 15500F, 1 hour, a. c. 241
b) age 900°F, 10 hours

9-4-20 a) austenitize 1625 0 F, 1 hour, o. q. 164(Cr, Mo) b) temper 10000F, 1 + I hours

9-4-30 a) austenitize 1550 0 F, 1 hour, In. q. 182
b) temper 11000F, 1 + 1 hours

Production heat treatment.

-



E. Heat Treatment of Republic 9-4-30

Oversized tensile blanks of Republic 9-4-30 steel were heat treated

as below before final machining.

1. 1500°F I hour; oil quench; liquid nitrogen quench,

2. Temper I hour; liquid nitrogen quench.

3. Temper I hour; air cool

The tempering temperatures used were 950 0 F, 1000 0 F, 10500F 1100 0 F

and 1150 0 F. Two tensile specimens were tempered at each temperature.

Figure I shows the variation of the tensile properties with tempering

temperature for the Republic 9-4-30 alloy. A tempering temperature of 11000F

"gives the required 0. 1% offset yield strength of 180,000 psi.

F. Tensile Tests

The specimen geometry for tensile testing of the program steels is

shown in Figure 2. All tensile tests were performed on a Baldwin 60 BTE Universal

Tensile Machine. Autographic stress strain curves were recorded for each speci-

men using a microformer averaging extensometer. At least two tensile specimensL
were tested for each steel in both the longitudinal and transverse direction.

Table 5 reports the results of tenhiie testing. The 0. 1% transverse

yield strengths fall in the range 175 to 186 ksi with the exception of the Marage 250

steel arnd the 9-4-20 (Cr, Mo). Specification MIL-T-10458C(MR), 28 October 1%3

(which covers forgings) specifies a minimum reduction in area of 19%o in the trans-

verse direction and 35%6 in the longitudinal direction for steels having a 0. V1, yield

strength of 175- LA5 ksi. The three gun tubes and the Republic 9-4-30 -mis satisfy

this requirement. However, both on this basis and on the basis of per cent elongation,

10
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the Republic 9-4-30 is superior to all of the steels at %L& 180 ksi yield strength

level. The highest ductility amongst the three gun tubes is exhibited by no. 1131

while no.733 is lowest.

The large variation of tensile properties in tube no. 113 1 in the longi-

"" - tudinal direction is thought to be due to residual stresses and/or segregation,

although no definite conclusion may be di.awn without further testing.

G. Charpy Imact Tests

Table 6 lists the standard Charpy impact energies at room temperature

-. and -40OF in both the longitudinal and transverse direction. These data were ob-

tained by testing the program steels, in duplicate for each condition and test temp-

erature, in a ManLabs CIM-Z4 Impact Machine using the specimen geometry shown

in Figure 3.

Specification no. MIL-T- 10458C(MR), calls for minimum Charpy impact

S energies of 1 I and 19 ft/lbs at -40 0 F in the transverse and longitudinal directions,

respectively. In the former case, the crack propagates in a radial direction in a

longitudinal plane whereas in the latter case, crack propagation is in a radial direc-

tion in a transverse plane.

Reference to Table 6 shows that tube no.733 does not meet this speci-

fication ar-i tube no. 1007 is marginal. Tube no. 1131, while acceptable, is inferior

to the Republic 9-4-30. The Republic 9-4-Z0 (Cr, Mo) has exceptionally high im-

"p-rct energy at a lower yield strength, while the 250 grade Maraging steel is quite

low. Note chould be made of the aia-ge variation in transverse and longitudinal Charpy

energies in tube n.o.733 and the Matage Z50.

14



TABLE 6

CIIARPY lIMPACT TESTS OF PROGRAM STE gLS

Test
Stecl No. Orientation Tcinp W

(ft-lbs)

1131 trans 4-75 25.3 ,
- -40 14.6

. -long +75 J1. 0

-40 20.2

733 P trans +75 10.5 5 -
"-40 -- .... . 6.4

, long +75 29.9
-40 20.8

J007 Atrans +75 17.o
-40 .0.4. /

long +75 15.8
-40 17.5

Marage rans t75 5.0
250 T i - -..- -40 . .. . .

long +75 20.6
-40 15.6

9-4-20 trans /,+ 7 1 41.1
F (Cr, Mo, _ _4, 1.

9-4-30 trans '- +75 27.0
-. k __-_ O.__ . __Z0.8

long +75 27.9
-40 23.6

15



"Load

/0.010 radius 0.304

1. 5 ____ 0.079
22 -2-• 80.394

Loa d

/Fotique 0.594
"Precrack

- 1.574 .4oo5V
P P

- 2 0.394 L

Load

Face Notch 450 Fatique 0.394
Precrock [j 7 j

71.574 5 .187 -00.109

28 0.394

Figure 3. Conventional, Precracked and Precracked Face Notched Impact
and Slow Bend Specimens.

16



III. PRECRACKED .MPACT AND SLOW BEND TESTS

A. Procedure

Precracked Charpy impact and slow bend tests were carried out on

* specimens of the design shown in Figure 3. Fatigue precracking to a depth of about

30 mils below the V-notch was carried out in a ManLabs FCM-300 machine operating

at 1800 rpn,. The impact and slow bend tests were carried out in ManLabs CIM-24

and SB-750 testing machines, respectively.

B. Results of Precracked Charpy Impact Tests

"Precracked Charpy impact tests (PCI) were conducted in the transverse

direction at test temperatures of +75°and -40°F in air. As shown in Table 7, the
(W/A) values fall in the range of 411 to 2676 inch-lbs/inch 2 at +75°F and 158 to

pci

2V74 inch-lbs/inch2 at -40 0 F. The order of decreasing toughness being 9-4-20

(Cr, Mo), 1H31, 9-4-30, 1007, 733, Marage 250. Based on the (W/A)Ci results of

"Table 2, the ratios of (W/A) pci to (W/A) ci fall in the range of 63 to 85% except for

tube no.733 at -40°F (26%). Since the drop in impact toughness of tube no.733 with

[ decrease In test temperature is more prc-7ounced vith a PCI than with a CI test, it

appears that lowering the test temperature has a great effect on crack propagation

in this steel.

"C. Results of Precracked Slow Bend Testb

"Precracked slow bend tests (PSB) were carried out in the transverse

direction at +75 0 F in a dry argon atmosphere. The specimen was subjected to

;hree point loadizig at a deflection rate of 0.0 125 inch/minute. As shown in Table 3,

it was found that the (W/A)psb values are in the range of 406 to 1844 inch-lbs/inch2.

The order of decreasing toughness being the same as for the PCI test.

17



TABLE 7

PRECRACKED IMPACT AND SLOW BEND TESTZ OF PROGRAM

MATERIALS IN THE TRANSVERSE DIRECTION

Steel Test (W/A)

No. Temp. (____ ___ (W/A)pcI/(W/A)ci )SB

in- lbs/inZ 0 in-lbs/in

1131 +75 2055 84 1060
-40 1015 7Z

733 +75 644 61 507
-40 158 26 ---

1007 +75 1317 77 865
-40 803 80 ---

Marage +75 411 85 406
250 -40 355 67 ---

9-4-20 +75 2676 67 1844
- (Cr, Mo) -40 2174 66 ....

9-4-30 +75 1793 69 1093
-40 1261 63

Tested in dry argon.

18



IV. PRECRACKED FACE NOTCHED SLOW BEND TESTS

A. Procedure

In an attempt to approach plane strain conditions, precracked face

-. notched slow bend tests (PFNSB) were carried out on specimens of the design

shown in Figure IC. Precracking was accomplished in the same way as for the

PC[ and PSB test specimens and was carried out prior to face notching. Using

three point loading, slow bend tests of these specimens were carried out in the

transverse direction at a deflection rate of 0.0 125 inch/minute in dry argon at +75 0 F.

. B. Effect of Face Notch Depth

The effect of face notch depth on (W/A)pfnsb was determined for tube

no. 1007. The notch depth was expressed as the ratio of the effective thickness

(Bn) to the actual thickness (B). An IBM 1130 computer was used to determine the

curve that would best fit the (W/A)pfnsb vs. B /B data. The least squares solution

for such a curve was found to be as follows:

(W/A)pfnsb= 451 + 868 (Bn/B) -2125 (Bn/B)2 +2691 (Bn/B) 3 - 1027 (Bn/B)4  (1)

L• A plot of Eq. (1) is shown in Figure 4. The average slope is about 245 over the

range of (Bn/B) values from 0. 15 to 0.6 and increases to about 525 for the range oiSrange

(Bn/B) values from 0.6 to 1.0. Considered from the standpoint of increasing face

notch depth (W/A)pfnsb decreases markedly until the effective thickness is reduced

about 40%; and then decreases more gradually with increased notch uepth. Although

a constant value of (W/A) pnsb was not attained with the tube no. 1007 material, it

was decided to standardize on a (Bn/B) ratio of 0.5 for comparing the plane strain

fracture toughness values of the program materials. As shown by Kalish and Kulin (I),

*Ur.derscored numbers in parentheses aesignate References given at end of report.
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(W/A)pfnsb at Bn/B = 0.5 correlates with other plane strain iracture toughness

- parameters.

For Bn/B = 0.5, the following (W/A)pfnsb values in the transverse

direction were obtained:

Material 0. 1% Yield Strength (W/A)pfneb

k-k inch-lbs/inch2

"Tube no. 1131 i81 760

Tube no. 733 186 500

Tube no. 1007 175 610

Marage 250 241 325

Republic 9-4-30 181 825

These experiments showed that tube no. 1131 has a higher plane strain fracture

toughness level than tube no. 733 with tube no. 1007 being intermediate in plain

strain fracture toughness. More important, the order of decreasing fracture

toughness, as plain strain conditions are approached, does not change among the

-- three gun steels. Republic 9-4-30 exhibits the highest level of fracture toughness

on this basis.
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IV. DUCTILE-BRITTLE TRANSITION

PCI specimens of steels no.733, 1131 and 1007 were tested in i-tipact at

eight temperatures from -800F to 2000F and also at -320 0 F. Figure 5 shows the

resulting value3 of precracked Charpy impact energy (W/A)pcI, as a function of

"testing temperature for the three gun steels.

The transition temperature for each steel was defined as the test temperature

at which 50% of the super transitional value of (W/A)pcI was attained. Comparing

the. three gun steels on the basis of super transitional (W/A)pcI and transition

"-" temperature, the results are given below in Table 8.

- TABLE 8

TRANSITION DATA

Super Transitional Transition

Tube No. (W/A)PcI Temperature

"inch- lbs/inch0 F

1131 2040 -32

L1007 1460 -43

733 1100 +41

The -- sults indicate that both tubes no. 1131 and 1007 are superior to tube

no.733 on the basis of both super transitional (W/A)PcI as well as transition

temperature. Although tube no. 1131 has a considerably higher super transitional

(W/A)pcI than tube no. 1007, its transition temperature is slightly higher than

tube no. 1007. In addition, it should be noted that at room temperature, both tubes

Sno. 1007 and 1131 have achieved their super transitional level of (W/A)pCI while

"tube no. 733 has reached only 70% of this level of toughness.
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V. TEMPER EMBRITTLEMENT

A. Background

For the purposes of this program, it was assumed that temper em-

brittlement is caused by a reversible grain boundary phenomena such as grain

boundary film formation, precipitation or segregation, i.e., classical temper

embrittlement as opposed to the lower temperature, nonreversible embrittlement.

Hence, if a gun tube in question arrived in a temper embrittled condition, re-

heating to a temperature at or slightly above the tempering temperature followed

by a water quench should substantially alleviate the embrittlement. Conversely,

if the gun tube in question arrived in a nontemper embrittled condition, slow

cooling through the embrittleling range would induce some temper embrittlement

if the tube is susceptible.

B. Procedure

CI specimens of steels 733, 1007 and 1131 were subjected to the

following heat treatments:

1. 1050 0 F, 1/2 hour; WQ

2. 1050 0 F, 1/2 hour; cool to 510°F at IQ°F/hour.

One half of the specimens were precracked following heat treatment and all

were broken in impact at test temperatures of +80oF and .400 F.

C. Resuits

Figure 6 compares the resultant values of (W/A)pcI for each steel with

the corresponding results for the as-received gun tubes. Hardness measurements

of all specimens indicate that neither heat treatment (a) nor (b) caused any measur-

able change in hardness irom the as-received conditit.n. Thus, any increases in

toughness due to reheating are not associated with additional tempering.
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The criteria used for judging whether or not a tube is temper em-

brittled relies on a nmparison of (W/A)pci at -40°F among the as-received,

slow cooled and water quenched conditions. (W/A)pcI at +80 0 F may or may not

indicate the presence of temper embrittlement.

Based on this criteria, it. is evident that all three tubes are susceptible

to temper embrittlement. In add--ion, the following observations can be made.

Tube No. 733 The correspondingly low values of (W/A)naC at -40°F

and +80°F for the as-received and slow cooled conditions as compared to the water

S quenched condition indicate that tube no. 733 was temper embrittled during

production.

Tube No. i007 (W/A)pcI (at -40°F) for the as-received tube is in-

termediate between (W\/A)PcI for the quenched and the slow cooled conditions.

Evidently, tube no. 1007 has suffered temper embrittlement during production to a

lesser degree than in the case of tube no.733.

Tube No. 1131 The correspondence of (W/A)pcI at -40 0 F for the as-

received condition and the quenched condition as compared to the slow cooled 1-in-
L.

cdtion suggests that, although tube no. 1 '31 is susceptible to temper embri•ttlement,

it was not adversely eflected during production.

It should be noted that even in the quenched condition, the order of in-

creasing (W/A)PcI is still tubes no.733, 1007. 1131.

The following may be listed as possible causes for the observed em-

britt.lement.

1. Tempering of tube no.733 for a long period at 960°F. The temp-

erature for the maximum rate of temper embrittlement at constant temper.,ture seems

to lie ,iLose to 950° F for low alloy (< 5% total alloying elements) steels (2).
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Z. The presence of more C, in tube no.733 as compared to tubes

no. 1007 and 1131. Cr increa.,es the susceptibility to temper embrittlement (3).

3. The presence of Mn above .6% in tube no.733. Mn additions below

.6 to .7% s8ere to have littlc effect on temper embrittlement. The presence of Cr

intensifies the e ibri tigeffect of jn

Recent studies (4, 5) indicate that the presence of traces of Sb, Sn, As

and P are important in causing susceptibility to temper embrittlement. Without a

more detailed study, no positive contJusions may be drawn about the true cause of

the observed temper embrittlement.

D. Crack Propagation Energy

Values of (W/A)cI corresponding to each steel, heat treatment and test

temperature are shown in Figure 7; also included for comparison are the values of

(WiA)pc from Figure 6. The -40 0F Charpy impact energies generally reflect the

same states of temper embrittlement that the -40°F PCI testing revealed.

Table 9 lists the ratio (W/A)PCI/(W/A)cI for the data shown in Figure 7.

(W/A)PcI/(W/A)cI represents that percentage of energy in a standard Charpy im-
h..

pact test available to resist crack extension after a crack has been initiated. It is

important to note that in the water quenched condition, tube no.7 33 almost achieves

the required 10 ft/lbs at -40°F. However, only 30% of this energy is available to

resist crack extension. Correa~onding values of (W/A)PcI/(W/A)cI are 50% and

7876 for tubes no. 1131 and 1007, respectively. This raises some question about

the valiiity of a criterion specifying a minimum Charpy impact energy for struc-

tures assumed to contain cracks at early stages of service.
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TABLE 9

_F C 2 OF TiCpE,\

ON C AC K P" OPAGATION ENERGY

No. Trctment ,/(WIA)
' (W/A)

733 SC -40 25.o
+75 59. 1"WQ -40 30.1
+75 76.4"As-Received -40 25.5
+75 b3.3

1007 SC -40 61.?
+75 76.(qWQ -40 78.-4
+73 74.3As-Received -40 80. 3
"-"+75 77.5

-l 31 SC -40 46.9
+75 67.-WQ -40 50.0
+75 71.2As-Received 
-40 

72.2
+75 84.2

S2-q

"(4 
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VI. HIGH STRESS, LOW CYCLE FATIGUE TESTS

A. Fatigue Testing Apparatus

In order to carry out high stress, low cycle fatigue tests, a Sonntag

SI- 1OR rotating beam fatigue machine was modified as shown in Figure 8. In

carrying out such a fatigue test, a precracked specimen (of the design shown in

Figure Ib) was held horizontally in an inverted anvil with the V-notch facing upward.

Cyclic bending of the specimen was accomplished by a cam driven by a constant

speed electric motor (120 rpm). Contact with the specimen was made with a b 11

bearing a~tached to the cam with the outer race free to rotate. The cam was

mounted on a shaft which was offset about 1/16 inch Lf-om the axis of rotation.

Maximum bend deflections up to about 0.0 10 inch for a 1.75 inch span distance

were obtained by moving the anvil in a vertical direction either toward or away from

the cam axis. A rack pinion type dial indicator with an accuracy of + 0. 000 1 inch

was used to measure bend deflections.

"B. Fatigue Testing Procedure

In order to run a fatigue test at a selected initial nominal stress level,

the required load (P) can be calculated from Eq. (2). The bend delfection, y,

necessary to attain the required load is given by the elastic beam relation:

= FpL 3 ()

4EB(w-a 0)3

- where E is Young's modulus for steel (30 x 106 psi).

30



0-

0

00

00

0

CLJ

C

LL

0 -

LLa

44-

"-4 x 1

4J)

>~ 0

0 4J

u0,.

w N-

cn

- 31



The nominal stress at the root of the crack is given by:

S0 nom 3PL (3)
-

0nor -B(w-a)(

By combining Eqs. (2) and (3), 0 may be expressed as function of y and a" ~norm

as follows:

,0 _ Z (w-a) (4)nomaL

The procecduru -,-.A 4.:. ,.arrying out the high stress, low cycle fatigue

tests was As follows: (a) precrack heat treitid bend specimens to a depth of about

30 mils, (b) heat tint precrack fatigue zone at 500 0 F, (c) conduct low cycle high

stress fatigue tests at the selected initial 0 level for a total of 1200 cycles atno nm

120 rpm in argon or distilled water, (d) break specimen in impact to expose fatigue

zones, (e) measure the depth over which the low cycle fatigue occurred and (e) cal-

culate the average rate of fatigue crack growth (expressed as inch/cycle).

C. Results

M Figures 9 through 13 show the variation of average crack growth rate
•- Aa

&•'ave with nominal stress, 0 in argon and water for the five pyroggra ateols.

The effect of distilled water on (&ave is apparent when the data for

the three gun tubes (Figures 9, 10 and 11) is examined. However, fatigue crack

-- growth in the Marage 250, Figure 12 and HP-9-4-30, Figure 13, seems to be in-

sensitive to those environments investigated.

For purposes of comparison, this data is shown in Figure 14 as &aave
- 0

vs. ave , where GU is taken as the . 1% offset yield strength for each steel.
ys ye
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Figure 9. Plots of Average Rate of Fatigue Crack Growth (A a/N) vs.
Average Nominal Stress at Crack Tip, Ue for tubc N.eI1 3 1Tested in Distilled Water and Dry Argon Environmcnts.
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In all but the marzaging 3teel, the initial (0 ave/0ys < .6) relationships

* between (ta/AN) and (0 /0 ) were fourI to be linear. For 0 /0 > .6,ave ave ys ave ys

tube no.733 shows a nonlinear dependence of (6a/AN)ave on 0 ave/0vr while the

other steels exhibit a straight line dependt-nce.

At the present time, it is not felt that any particular emphasi6 can be

placed on minor variations in slope, alth..,ugh differences such as those betwveen

9-4-30 and the Marage 250 are meaningful.
0Ove

Of moreý interest at the present time is the lowest value of - at
ys

which measuzable fatigue crz -k grouth occur, in 1200 cycles, This is a basis for

comparison of the fatiLue resistance of the program steels. These values are given

below in Table 10.

"TABLE 10

STRESS LEVEL FOR INCEPTION OF CRACK GROWTH

Save at ( 6 0

Environment aYs

"MaraYe Z50 ý rgon "water 0.340

1007 Wa:er 0.385

113L Water 0. 385

9-4-30 Argony,'water 3. 385

.00, Argon 0.410

733 Argon 0.425

1131 Argon 0.425

It carn be seen teiat the behavior of the gun steels in water correlates

well with servi'..e behavior and with comparisons on the basis of fractvre toughness

parameters.
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Although crack propagation (in 1200 cycles) was found to occur at low

stress levels in these steels, other investigators have encountered similar be-

havior in Ti-8A1- IMo-1V and AM-350 stainless steel during fatigue cracking studies

not involving crack :niziation (6).

.- D. Electron Fractography

* "PSB specimens of tubes no. 733, 1131 and 1007 were cycled in dry argon

as described in Section VIA. After cycling, the specimens were broken in impact

and the fracture surfaces were replicated (7).

The fracture surfaces at 4300X for tubes 1131, 733 and 1007 were

similar in appearance. Figure 15 shows typical fractographs obtained on tube no.

1131. The crack growth rate, as computed from measurement of the fractographs,

was found to agree fivorably with ( A a/AN)ave which was m-ieasured in the low cycle

fatigue tests. _This corre]ation breaks down near the end of the fatigue crack, where

the crack growth rate increases rapidly.

It is of interest to note that in Figure 15 the crack growth rate is .n-

"creasing, while the nominal stress level is decreasing slightly.
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VII. STRESS CORROSION CRACKING TESTS

A. Modified Brown Stress Corrosion Testing Procedure

A modification of the Brown (8) apparatus was constructed to expedite

carrying out relatively long time stress corrosion tests at constant load. As shown

"" in Figure 16, this apparatus utilizes a cantilever beam loading system with a

mechanical advantage of 10:1. This systerm was designed to apply a constant bend-

ing moment to the specimen throughout the test. For smooth loading of the speci-

men, the weights were lowered on to the loading platform by means of a hydraulic

jack.

* " In carrying out a test, a precracked face-notchcd bend specimen was

clamped to the base plate in a horizontal position wiLl. the V-notch facing upwarci.

A corrodent cell made of polyurethane filled with dist,1 1 ed water was positioned

to surround the central portion of the specimen. With th, exception of the V-notch,

this region was coated with lacquer for a distance equal to the effective iength UIL

"the cell.

During the course of a stress corrosion test, the dcf.k-ction ot h

specimen was continually measured by means of a rack and pinion type dial indicator

mounted collinear with the anvil.

B. Results

Initial applied stress intensity anti time .o failure were obtained and

are shown in Figures 17, 18 and 19.

The data is functionally similar to that found for 4240 by Brown (8), but

different than that found by Steigerwald (9). The differences betweexi the latter

apparently were related to incubation time r film forination; once crack growtb± was

initiated, howeve-,, the functional dependence of failure time on initial applied stress

intensity become quite similar.
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The initial applied stress intensity below which no f,.,lure occurs in

approximately 300 hours was designated KISCC. The values of K1SCC for the

program steels are given in Table 11 in increasing order.

TABLE I I

BROWN STRESS C )RROSION CRACKING TESTS

Steel KISCC

k-.i 'Flin

Marage 250 74

733 94-98

1007 99- 102

9-4-30 100-103

1131 105-108

It can be seen that the values of KISCC correlate well with both fracture

toughness data and service behavior. It also is oi particular interest to note the

poor behavior of the Maraging steel. Emphasis should again be placed on the fact

that subsized specimens were used; the data is presented for purposes of com-

parisons in this program and should not be used for comparison with data for larger

specimen sizes.

C. Electrical Potential Measuring Equipment

The equipment constructed for mer.,asuring crack growth by means of

change in electrical potential is schematically illustrated ii. Figure 20. Following

the method of Anctil (10), an aluminum foil calib.-ation specimen with length and

width dimensions about fifteen times those of a bend specimen was used. This

specimen was subjected to simulated crack extension by cutting with a razor blade

in the width direction starting from the rcnt of the notch. MaiL.t.ining a constant
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current of one amp, the voltage drop across the potential leads was measured as

a function of crack extension. The crack lengths were measured optically with a

magnifier lens.

In Figure 21, the potential drop V is plotted as a dimensionless

ordinate quantity V/V where V is the potential drop corresponding to the initial

precrack a . Similarly, the crack length a is plotted as a dmrnenoionloea abscissa

quantity a/a 0 . The resulting family of curves shown in Figuxe 21 are used to

obtain crack extension from changes in potential as measured during strest; corro-

sion and slow bend tests.

D. Electrical Potential Measurements of Slow Crack Growth in Stress
Corrosion Cracking

PSB specimens of tuges no. 733 and 1007 (oriented so that crack growth

is in the radial direction) were prepared for crack length measurements by spot

welding leads on either side of the precrack immediately adjacent to the root of

the crack., Ccrrent leads were affixed in the same manner to the ends of the speci-

men along the center line.

The specimens were insertti in a ManLabs SB-750 slow bend machine

and distilled water was placed in the notch. After the appropriate connections to

the electrical potential measuring apparatus were made, the specimens were

loaded to a desired stress level and held at constant deflection. The distilled water

in the notch was rcplenished as the test proceeded. Both bending load and potential

drop at 1 ampere current flow were :-corded as a function of time until the speci-

men either fractured or crack growth ctiased.

After the test was stopped, the specimen was broken ,n impact to reveal

the precrack depth a.. Using the calibration data in Figure 21, the precrack depth
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and the recorded values of ch.inge of potential drop across the crack with time,

the crack depth was obtained as a function of time. During the test, at those pre-

crack depths for which calibration data was not available, crack lengths were

calculated from the existing calibration data by a six point Lagrangian interpolation

using the IBM 1130 computer. When these computed values of crack length were

combined with the corresponding recorded values of be -ding load, the nominal stress

at the root of the crack and the applied stress intensity level were obtained as a

function of time.

When the change in crack length during the test was normalized to the

precrack depth, it was found that the logarithm of this quantity In A..a was a
a

0linear function of time (Figures 22 and 23).

Figure 22 shows the results obtained for tube no.733. The three

curves represent the data obtained at three initial stress intensity levels. Each of

the plott consist of two straight line segments; the latter segment flattens out as

-- crack growth stops or changes discontinuously as fracture occurs. The gradual

tapering off is believed to be associated with geometrical changes in the lead con-

figuration as the load is relieved and also by the departure of the crack front from

a straight line. This is further confirmed by the failure of the computed crack

depth to agree with the final observed value at crack depths exceeding approximately

0. 100 inch.

Since In /-ais iri.tially proportional to time for all thi specimens,
a

0
the crack depth can be expressed as:

In mt + B (5)
a

5
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where Aa = a - a. rn is th, nlorpe up tA the lo rtig; f timeir m rlrkpd "All i,

Figure 22 and B is the In La intercept at t = 0.
a

Hence, a = a (1 + e +) (6)

da mt + B
' and a m e (7)

When the values of m obtained from Figure 22 are plotted as a function

of the initial applied stress intensity K a ctraight line results (Figure 24).0

Measuring the slope and intercept of this plot shows that:

K - KI
"M 133 (8)

Where K' is the extrapolated value of K at which m 0 (i.e., at

which da 0) and is 83.8 kqi inI/2 for tube no.733,dt
K - K'

0 )t+B

Therefore, da - K 0-K 133t- = a o () e (9 )
S0 133

ior tube no. 733.

The stress corrosion cracking behavior of tube no. 1007 (Figure 23) is

similar to that of tube no.733, except that the test duration is of the order of 100

hours instead of 100 minutes. The value of m is not yet known for tube no. 1007

a- on'-, one specimen has been tested. It is interesting to note that the value of K'

-' for tube no. 733 is in fair agreement with the 300 hour value of KISCC determined

by the modified Brown cantilever beam test (K SCC = 96 ks, '4 -n), as the 1000 hour

value of KSCC for tube no.733 is probably lower than 96 units.
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The sigrifica;,i.ý ot the change in slope in the plots of In ( La/ao) vs.

t for tubes no.733 and 1007 if not vyt known. The measured values of m for the

second straight line portions in .- igure 22 are not a linear function of K° as

shown by the dashed line in Figure 24. It is hoped that exarr=4zation of electron

S. fractographs of these specimens may indicate the cause of this behavior.
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VIII. PRE-POP-IN CRACK GROWTH

A. Proc- dure

Precracked slow bend specimens of the program steels were instru-

mented for electrical potential measurements as described in Section VIID. The

output of the electrical potential measuring apparatus was connected to an Esterline

Angus "Speed Servo" recorder. This instrument was chosen for recording potential

changes during slow bend testing because of its extremely low response time (about

0. 1 second full scale). The time axis of this recorder was synchronized to the

time base of the load deflection recorder by means of a marking pen activated by

the on-off switch of the load deflection recorder.

Following testing, specimens were broken in impact to reveal the pre-

crack depth. Using the method described on page 49 for converting the electrical

potential data to crack length, crack growth during slow bend testing in air was

obtained as a function of load and subsequently as a function of applied stress

intensity.

B. Results

Figure Z5 shows schematically typical load deflection and potential

deflection data obtained from a slow bend test. As a typical test proceeds, an

initial change in potential V is noted as the precrack separates (I to IU in Figure 25).

A linear change of V ! e: f -_:..ion L due to elastic deformation (10) (H to III)

follows. Next, a second region of linear change of V with 6 ensues (III to IV)

and finally, V changes nonlinearly with 6 (IV to fracture). The nature of the

regions IlI to fracture was established as follows.
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Crack. ý;rciwtl.in an ir. n:)va- s'e~r i(T,enr ',ecimr-in oi the --amc dimon-

sions was ,nonitore! by electrical potential measurement during a slow bend test

(shown schematically in Figure 2j). Figure 25 shows that if the load dcflection

record does not contain a discontinuous change in P vs. 6 until crack growth has

occurred, crack growth is indicated by a nonlinear change of potentiJ with 6 at IV.

Furthermore, specimens loadet into the region IV to fracture and broken in impact

revealed crack growth while those loaded into tl.e region III to TV exhibited no

crack growth. Thus, the identification of slow crack growth with a ncnlinear change

of V with 6 (at the deflection rate investigated) follows directly.

"The results of potential measurements during slow bend testing of PSB

- specimens of the program steels in air at a deflection rate of 0.0125 inch per

. minute are shown in Figure 26. The crosshatched area represents the stress in-

tensity level at which slow crack growth initiated and the white area shows the level

of stress intensity at which a discontinuous "pop-in" was noted on the load deforma-

- - tion record. The black area is the "pop-in" stress intensity level corrected by the

amount of slow crack growth, as measured by electrical potential, between the

onset of crack growth and "pop-in".

The stress intensity levels shown here are not intended to constitute

valid Kic measurements. The specimen geometry 'used does not satisfy the

criteria for a valid KIC test, but was chosen so that the results could be compared

with the other impact, slow bend. corrosion fatigue, stress corrosion cracking, etc.,

tests involved in this program, all of which utilize the same specimen configuration.

In any case. comparisons among the three gun tubes and to a more limited extent.

the Marage 250 steel a- i meaningful.
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Figure Z7 shows that the stress intensity level at macroscopic

"pop-in" for the program steels correlate well with service behavior and the

other fracture toughness parameters obtained in this program. However, the

applied stress intensity corresponding to the onset of the pre-pop-in cracking is

higher for tube no. 1007 than for tube no. 1131. Although there is as yet no ex-

planatian for this, if the difference in stress intensity between the onset of slow

crack growth and macroscopic "pop-in" is taken as a measure of abi.Ity to further

accommodate cracking without reaching critical stress levels, the order of in-

creasing toughness is'again Marage 250, 733, 1007, 9-4-30 and 1131.
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IX. SUMMARY AND CONCLUSIONS

I. Gun tube no.733 was temper embrittled during production. Froni tue

information available, t-e embrittled condition appears to have been induced by

-,0* " long time tempering at 960 F. Testing also revealed that all three gun steels

investigated are susceptible to temper embrittlemcnt.

Z. In low cycle, high stress fatigue of the three gun steels investigated.

distilled water, as compared to dry argon, increases crack growth rates. However,

in the Republic 9-4-30 and the Marage 250 steels, water has no discernible effect

S' on crack growth rates.

3. As a result of the data obtained to date, it can be concluded that long

service life is reflected by some or all of the following:

4 a. high ductility

b. high fracture toughness

c, low ductile- brittle transition temperature

d. high stress r ecessary for onset of crack gro'th in low cycle,

high st;,'ess fatigue

7 e. high values of KISCC
f. high tolerances for crack growth after crack initiation in slow

r .bend testing.

-- 4. Of the three gun tubes tud:*ed, tube no. 1131 consistently exhibited

bitter performance in testing thar tLube no.7 1.3, with tube no. 1007 being intermediate.

Republic HP-9-4-30 gen6rally exhibited properties sirrilar to tube no. 1131. Of

the two steels with yield strengths d&fferent than 175-185 ksi, the Marage 250

(240 kei yield strength) performed poorly while the Republic 9-4-20 (Cr, Mo) (160 ksi

yield strength) performed exceptionally well.
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5. Charpy impact testing does not relect the ability of a .,eel to resist

crack propagation. That portion of the energy available in a Charpy test to resist

crack propagation ranged from 25 to 80% of the corresponding standard Charpy

energy.

6. Crack growth in slow bend testing be, gan before "pop-in" ia all the

steels investigated. The amount of additional stress intensity tolerated before

"pop-in" generally correlated with higher fracture toughness levels.
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X. WORK IN PROGRESS

The slow crack growth studies in this initial investigation are being continued

under a short extension of the contract. At prevent, the following testing is underway.

1. Republic HP-9-4-20 (Cr, Mo) is being subjected to higl" stress low cycle

fatigue testing, stress corrosion cracking testing, slow bend testing and electrical

potential testing for comparison with the five steels previously investigated.

2. Testing equipment for determining the variation of potential with crack

length in a corroding environment has been designed and is being constructed.

0
3. Low cycle high stress fatigue cycling oi tubes no. 1131 and 733 at -40 F

is in progress.

It is also planned to measu-e slow crack growth phenomena in a large number

of gun tubes of known service performance in order to determine the specific param-

eters which correlate best with service life. It is anticipated that the latter effort

will result in a standardized testing procedure for gun tube materials.
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